In Saccharomyces cerevisiae, maltose is transported by a proton symport mechanism, whereas glucose transport occurs via facilitated diffusion. The energy requirement for maltose transport was evaluated with a metabolic model based on an experimental value of YATP for growth on glucose and an ATP requirement for maltose transport of 1 mol-mol-1. The predictions of the model were verified experimentally with anaerobic, sugar-limited chemostat cultures growing on a range of maltose-glucose mixtures at a fixed dilution rate of 0.1 h-1. The biomass yield (grams of cells gram of sugar-') decreased linearly with increasing amounts of maltose in the mixture. The yield was 25% lower during growth on maltose than during that on glucose, in agreement with the model predictions. During sugar-limited growth, the residual concentrations of maltose and glucose in the culture increased in proportion to their relative concentrations in the medium feed. From the residual maltose concentration, the in situ rates of maltose consumption by cultures, and the Km of the maltose carrier for maltose, it was calculated that the amount of this carrier was proportional to the in situ maltose consumption rate. This was also found for the amount of intracellular maltase. These two maltose-specific enzymes therefore exert high control over the maltose flux in S. cerevisiae in anaerobic, sugar-limited, steady-state cultures.
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Energy required for transport processes is derived from the gradient of the solute over the membrane (passive transport) or is delivered by metabolic processes at the expense of metabolic energy (active transport). The energy costs of transport are especially important in cellular metabolism when the actively transported solute serves as the source of carbon and energy. This affects growth in two ways: the ATP requirement for biomass formation is higher, and the energy yield of dissimilation is lower. The energy requirement for transport processes may take a large portion of the total energy budget of the cell when the energy yield of the substrate is low. An example is the growth of Pseudomonas oxalaticus on oxalate. In this case, half the energy obtained in respiration of the growth substrate is required for transport of the dicarboxylic acid (4, 5) . However, also during the growth of yeasts on sugars in mineral media, the energy requirement for sugar transport can be substantial. Verduyn (23) Maltose is an important sugar in the production of beer and in the leavening of certain doughs (1) . So far, however, the specific effects of maltose on yeast physiology, such as the energetics of growth, have received little attention. Most investigations have been aimed at glucose metabolism. However, maltose is transported by proton symport in Saccharomyces cerevisiae (20, 22) , whereas glucose is taken up by facilitated diffusion. In this study, an attempt is made to quantify the ATP requirements of maltose transport in S. cerevisiae via a comparison of growth on glucose and growth on maltose.
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MATERIALS AND METHODS
Organism and cultivation conditions. S. cerevisiae CBS 8066 was obtained from the Centraalbureau voor Schimmelcultures (Delft, The Netherlands) and maintained on malt agar slopes at 4°C. Chemostat cultivation was performed with ADI 2-liter bioreactors (Applikon Dependable Instruments) at a dilution rate of 0.10 h'-and a working volume of 1.00 liter. Cultures were grown under carbon and energy limitation on a mineral medium described below. The removal of effluent by the standard procedure, continuous, upwardly directed suction from the surface of the culture, gave rise to differences in cell density between the culture and the effluent of up to 20%. Under these conditions, the continuous culture theory is not valid (see also reference 13). Removing effluent from the middle of the culture when the culture surface made contact with an electrical sensor did not give rise to such a difference, and this method was used throughout this study.
The temperature was 30°C, and the stirrer speed was 750 rpm. The pH was kept constant at 5.0 by an ADI 1020 biocontroller by the automatic addition of 2 M KOH. To assure anaerobic conditions, the reactor and the reservoir vessel were flushed with nitrogen gas at a flow rate of 0.5 liter. min-'. The flow rate was kept constant by a Brooks 5876 gas flow controller. The whole experimental setup (reactor, reservoir, and waste vessel) was equipped with Norprene tubing (Cole-Palmer Corp.). The dissolved-oxygen tension of the culture was continuously monitored with an oxygen electrode (Ingold, no. 34 100 3002) and was below 0.1% air saturation.
The mineral medium contained (each per liter): 5. (20, 22) and a proton-ATP stoichiometry of 1 of the plasma membrane ATPase (11, 12, 14) , the net ATP production from 1 mol of maltose is 3 mol of ATP (Fig. 1B) . Therefore, compared with growth on glucose, a deficit of 2,697 (5,394/2) mmol of ATP will occur in the formation of 100 g of biomass from an equivalent amount of maltose:
2,697 mmol of maltose --100 g of biomass + b Established data for growth on glucose (24) were used to predict growth parameters on maltose with the model outlined in Fig. 1 Over the entire range of sugar mixtures, the carbon, hydrogen, and sulfur contents of the cells did not change significantly (Fig. 4) . The nitrogen content, however, increased from 7.5 to 8.0%. The protein content of the cells increased from 45.3 + 0.5% on 100% glucose to 48.7 + 0.9% (grams of protein grams of biomass-') on 100% maltose. In terms of the theoretical ATP requirement for biomass formation, this increase in protein content would mean a 3% increase in energy expenditure. Therefore, this small change in biomass composition was neglected in the evaluation of the energetics of growth on maltose-glucose mixtures.
During anaerobic growth on glucose, S. cerevisiae produces organic acids that can be potent uncouplers. If the production rate of these acids were proportional to the rate of maltose metabolism, this would have severe consequences for the validity of the model, as this would cause a progressive decrease of the cell yield with increasing amounts of maltose in the reservoir feed. However, the amounts of acetic acid and pyruvic acid, as well as 2-oxoglutaric acid and succinic acid, were low and decreased with increasing concentrations of maltose in the feed ( Table 2) . The specific production rates of these acids were constant (data not shown). The decrease of fumaric acid was pronounced, but the absolute concentrations were very low. Uncoupling of metabolism by such low concentrations of acetic acid and pyruvic acid can be neglected (25) .
Metabolic fluxes and enzyme activities. During growth of S. cerevisiae on glucose-maltose mixtures, the specific rate of sugar consumption (expressed as mmoles of hexose gram of cells-' hour-') slightly increased with increasing maltose concentrations in the medium feed (Table 1 ). This is due to the biomass yield on maltose being lower than that on glucose. This small increase in flux had no significant effect on key enzymes of the glycolytic pathway, such as hexokinase and pyruvate decarboxylase, which remained approximately constant over the whole range of sugar concentrations. The same was true for glucose-6-phosphate dehydrogenase and citrate synthase (Fig. 5) (which under anaerobic growth conditions fulfill only assimilatory functions). As expected, a different pattern was encountered for the maltose-specific enzymes, maltase and the maltose carrier. Maltase was present in glucose-limited cultures at an activity of approximately 1 U. mg of protein-'. Its amount increased nearly sixfold with increasing maltose concentrations in the feed (Fig. 6A) . The amount of maltose carrier also increased with increasing maltose concentrations in the medium feed. This may be envisaged as follows: the amount of maltose carrier can be calculated according to the equation V = Vm., SI(Km + s), in which V equals the specific maltose consumption rate in the culture (qmaltose), Vma, is equivalent to the amount of carrier, s is the residual maltose concentration in the culture (Fig. 7) , and Km is the Michaelis constant of the carrier for maltose. By using a value of 4 mM for the last parameter (22) it can be calculated that the (Fig. 1) . The ATP requirement for maltose transport is due to the symport with protons which subsequently must be expelled by the plasma membrane ATPase at the expense of ATP. The model as presented in Fig. 1 predicts the various parameters for anaerobic growth as listed in Table 1 . The experimental data (Fig. 3) show an excellent fit with these predictions. For example, the cell yield on maltose was 25% lower than that on glucose. As expected, this decrease in cell yield is proportional to the amount of maltose utilized.
Prerequisites for validation of the model. Fig. 3 ). During aerobic growth, the relative effect of the energy requirement for sugar transport is much smaller. For example, with a P/O ratio (number of molecules of ATP formed per atom of oxygen used) of 1, aerobic dissimilation of 1 mol of maltose yields 32 mol of ATP. If maltose transport requires 1 mol of ATP, this would be only 1/32 of the ATP produced in catabolism. As a result, the cell yield (grams of cells gram of maltose-1) would be only 3% lower on maltose than on glucose, which is almost within the accuracy of yield determination.
Practical implications of active maltose transport. The results described above may have practical implications for ethanol production with yeasts. When starch (cereals) is used as a feedstock, it may be profitable to use hydrolysates with high maltose contents: in this way a higher yield of ethanol (grams of ethanol gram of sugar-') can be expected (Table 1) . With respect to the effects of sugar transport on cellular energetics, it would also be of interest to study various Saccharomyces strains that differ with respect to their modes of hexose uptake. It has been previously reported, for example, that certain strains of brewer's yeast have the ability to take up fructose by a sugar-proton mechanism (3). In such a case the energetics of growth on sucrose and maltose would be comparable. In contrast to maltose, sucrose is not taken up by yeasts but is hydrolyzed extracellularly by invertase or inulinase to glucose and fructose. If fructose transport would require 1 mol of ATP, the ATP yield of anaerobic catabolism of sucrose would be 3 mol/mol, identical to that of maltose.
